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Free-electron interactions with laser-driven nanophotonic nearfields quantize the 
electrons’ energy spectrum and provide control over this quantized degree of freedom. 
We propose to use such interactions to promote free electrons as carriers of quantum 
information and find how to create a qubit on a free electron. We find how to implement 
the qubit’s non-commutative spin-algebra, then control and measure the qubit state with 
a universal set of 1-qubit gates.  These gates are within the current capabilities of ultrafast 
transmission electron microscopy. We envision encoding multiple qubits on a single 
electron, as a scheme for quantum computation. 
 
 Most platforms for quantum computation today rely on light-matter interactions of 
bound electrons, either in ion traps [1], superconducting circuits [2], or other systems [3]. These 
systems form a natural choice for implementing 2-level systems with their spin algebra, as well 
as inter-qubit communication. However, inherent difficulties arise when trying to scale-up such 
systems: Each qubit is defined on a different 2-level system, and the inter-qubit communication 
is limited by the topology of the multi-qubit structure. 
 Instead of using bound electrons for quantum information processing, this work 
explores the possibility of using free electrons and manipulate them with femtosecond laser 
pulses in optical frequencies. Compared to bound electrons, free electrons give us a way to 
access high energy scales and short time scales. In addition, they possess quantized degrees of 
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freedom that can take unbounded values, such as orbital angular momentum (OAM), which 
has already been proposed and demonstrated for information encoding [4-8], with analogies to 
the ability of photons to encode information in their OAM [9,10]. However, implementing even 
a single bit of quantum information, a qubit, necessitates implementing its (non-commutative) 
spin algebra, which has so far not been realized. The seemingly obvious choice of 
implementing the qubit on the natural spin of the free electron is not practical for the qubit 
implementation because of its weak electromagnetic interaction in optical frequencies [11] (in 
contrast with lower frequencies, as in electron paramagnetic/spin resonance [12]). Therefore, 
there remains the nontrivial challenge on the path to creating a laser-driven free-electron qubit: 
Finding a valid 2-level system capable of implementing the spin algebra on the free electron. 
 We explore a different path for implementing a free-electron qubit. Recent observations 
of electron-laser interactions provide control over another important quantized degree of 
freedom: The electron energy levels [13-17]. The laser interaction with a free electron creates 
a quantized ladder of energy levels [13] that provide a synthetic dimension that we will use to 
encode the qubit state. Experiments manipulating the electron state on this energy ladder 
demonstrated quantum walk and Rabi oscillations [17], as well as other methods of coherent 
control [18,19]. The quantum nature of the interaction has even led to the recent proposal of 
creating electron-electron entanglement [20,21]. The question at the heart of this paper, of a 
free-electron qubit, has been a topic of discussion in the community for the last couple of years 
[22]: Is it possible to utilize the electron-laser interaction to imprint a free electron with 
information in the form of a well-defined qubit? i.e., a 2-level system on which the full spin 
algebra of qubit operations can be implemented and controlled with laser pulses.  
 To solve this question, and also take it one step further, one would have to follow the 
DiVincenzo's criteria [23] and ask: Can free electrons carry well-defined qubits? can they be 
initialized to a desired state? is it possible to implement a universal set of quantum gates on 
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free electrons? and can they be measured to extract the qubit states? We find that all of these 
can be achieved with electron-laser interactions, and propose an implementation using ultrafast 
transmission electron microscopy (UTEM). 
 Although the electron Hilbert space is unbounded in principle, the task of finding even 
a single valid qubit in practice is more difficult than it seems. It is not enough to only find two 
states to define a qubit. The space of states has to be closed under the relevant quantum 
operations, and these operations must constitute a universal set of 1-qubit gates, among which 
there are non-commuting operations [3]. These requirements raise the question of whether the 
available physical operations can create a universal set of gates.  
 Here we utilize the interaction of a free electron with laser pulses to demonstrate a full 
qubit: A 2-level system implementing a universal set of 1-qubit gates. We show how to 
algebraically construct the 2-level system that represents the qubit out of the physical electron 
states, how to implement any quantum gate, and how to measure the qubit state, all using the 
existing experimental infrastructure of the UTEM. Furthermore, we propose the required 
extensions to having multiple qubits on a single electron.  
 The most important building-block is the free-electron interaction with the laser 
nearfield, captured by the effect called photon induced nearfield electron microscopy (PINEM) 
[13-15]. The PINEM interaction enables to manipulate the electron quantum state by the laser 
nearfield in the vicinity of nanophotonic structures or by a field discontinuity on the surface of 
a mirror [19,24] (Fig. 1a). The electron is dressed by the electromagnetic field, forming a bi-
directional, infinite ladder of energy states, quantized at the photon energy [17] (Fig. 1b). 
During the interaction, the electron performs a quantum walk on this energy ladder, and its 
final wavefunction can be shaped at will using a general laser pulse, as we have recently shown 
[25]. Recent publications have shown applications of laser-manipulations of electrons on 
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attosecond timescales [18,26,27]. However, up until now, PINEM has not been used to 
manipulate quantum information in the form of qubits, and in particular, the difficulties of the 
spin algebra and of defining a valid 2-level system have not been dealt with. 
 
Figure 1. The platform: Electron-laser interaction. (a) The interaction between a free 
electron and an arbitrary laser pulse, which can be demonstrated in the ultrafast transmission 
electron microscope (UTEM). Specific electron states can be initialized by a designed optical 
pulse, modifying the electron wavepacket as a superposition of energy states. (b) The electronic 
ladder states relative to the electron’s initial energy. During the interaction, the electron 
performs a quantum walk on the energy ladder, where each level is described by its probability 
amplitude lf . 
 Let us first consider the mathematical description of the basic PINEM operation. The 
electron interacts with a laser pulse of a frequency  , where the electron initially starts with a 
relativistic energy 0E  and a narrow energy spread E . As long as the photons energy is larger 
than the electron energy spread ( E   ), the electron state can be discretized and written in 
the discrete energy basis as 0l
l
f E l   , where 𝑙 is an integer, representing the 
number of photons the electron gains or loses from the electromagnetic field. This discrete 
energy basis is denoted by 0l E l   , and forms a synthetic dimension that we use to 
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encode information. In this basis, the PINEM interaction operator can be represented by an 
infinite unitary matrix:  
 
*
*
*
*
...
0
exp 0
0
...
PINEM
g
g g
U g g g
g g
g
 
 
 
  
 
 
  
,     (1) 
with g  the “PINEM field” [14,15,19,28] which is a dimensionless complex parameter that its 
magnitude can be thought of as the strength of the interaction, and it depends on the electric 
field of the laser. Applying the PINEM interaction on a single energy state 0  [29], it was 
shown [28] that the amplitudes can be analytically expressed as    arg 2il gl lf e J g

 . 
 We can gain further insights from diagonalizing the PINEM operator in equation (1). 
As expected from a unitary matrix, we find that all the eigenvalues lie on the unit circle in the 
complex plane, but interestingly they are bound azimuthally: 2ie g   . In order to span 
the entire unit circle, we need a PINEM field magnitude g  greater than / 2thg  , which 
implies a lower threshold on the laser field amplitude that is needed below. For each 
eigenvalue, the corresponding eigenstates are “energy-plane-waves”, meaning states that are 
periodic in energy, and thus unphysical. This observation matches the character of the PINEM 
operation as an inducer of quantum walks on the energy ladder, and resembles the effect of 
Bloch oscillations, first studied in the real spatial dimension [30] and now can be found in the 
synthetic dimension of the quantized energy levels [31]. As we see below, the energy-
periodicity of the eigenstates gives us a strong hint regarding the choice of the electron 
wavefunctions that can be used to define the qubit states. The intuition comes from the fact that 
some gates will be implemented using a PINEM interaction, and therefore its operation on the 
qubit states should be periodic (as a part of the Pauli group on the Bloch sphere) – possible by 
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choosing eigenstates of PINEM as the qubit states. 
 We next show that PINEM alone cannot provide a universal set of qubit gates. The 
reason is that any pair of PINEM operators in equation (1) commute regardless of the 
interaction strengths (        1 2 2 1PINEM PINEM PINEM PINEMU g U g U g U g ). Moreover, even 
introducing harmonics of the fundamental laser frequency, which generalizes the PINEM 
operation (next diagonals in the matrix in equation. (1)), still result in commuting operations. 
Therefore, an additional component must be included in our set of operations on the free 
electron, to provide the necessary commutation relations of spin algebra. 
 To solve this problem, we introduce free space propagation (FSP) (Fig. 2a), meaning 
letting the electron propagate freely between consecutive interactions with the laser. The 
propagation allows each energy component to accumulate phase at a different rate, as was 
demonstrated inside electron microscopes and other systems [18,26,27]. We can represent FSP 
as a matrix and get the propagation operator in the same energy-ladder basis: 
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,   (2) 
where the phase accumulation of the l ’s component along a propagation distance z  is found 
to be 22l
D
z
l
z
   with 
2 34 CD
v
z

 
 
 , where   is the laser frequency, v  the electron 
velocity,   the electron normalized velocity,   the electron Lorentz factor and 
C  the 
Compton frequency.   
 The practical importance of the FSP operation is two-fold. First, its simplicity – the 
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only controllable parameter is the propagation length. Second, we show that it widely expands 
the space of operations we can perform, since it acts differently on different energy states and 
hence does not commute with the PINEM operation. This stems from the fact that PINEM is 
invariant to translation in energy in contrary to FSP. We prove below that the combination of 
PINEM and FSP enables us to implement a universal set of 1-qubit gates. Interestingly, we 
note the analogy with the implementations of quantum gates in several other platforms of 
quantum computing (e.g., coherent control of nuclear magnetic resonance (NMR)). In many 
such systems, the quantum gates are implemented by the combination of (radiofrequency / 
microwave) electromagnetic pulses and proper time delays, corresponding to PINEM and FSP.  
 
Figure 2.  The quantum gates: Controlling a free-electron qubit. (a) Illustration of an 
experimental scheme implementing a quantum gate on a free-electron qubit. A pre-designed 
quantum computation can be translated into gates, mapped to PINEMs and FSPs, and 
implemented inside the UTEM. (b) Geometrical representation of the electron qubit and gates 
on a Bloch sphere corresponding to the implementation in (a), showing the transformation from 
the 0  state to an arbitrary point on the Bloch sphere. PINEM operations serve as continuous 
rotations around the x -axis, and FSP operations serve as a / 2  rotation around the z -axis, 
which together form a universal set of 1-qubit gates.  
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 Using the PINEM and FSP operations, let us now solve the three challenges of defining 
the qubit: (1) a 2-level system; (2) a universal set of 1-qubit gates; (3) extraction of the qubit 
state out of the electron wavefunction. For the first challenge, we divide the general electron 
state l
l
l   into a 2-level system and an orthogonal remainder in the following way:  
 
 
†
0
0 1 †
1
... 0 1 0 1 0 ...
Remainder ,
... 1 0 1 0 1 ...

    

 
   

.  (3) 
The respective qubit state 
q
  is therefore defined by two complex coefficients   and  , 
corresponding to the sum of all even and all odd energy levels 
2
2 1
l
l
q
l
l



  
 
   
    
   
 


. In 
order to extract the qubit state out of the electron wavefunction, only a simple projection is 
needed. Since the states 
0,1  and the remainder are all mutually orthogonal, a projection of 
the total measured electron state   on each state of the 2-level system yields the required 
qubit parameters   and  . This procedure can be summarized mathematically as 
0 1
... 1 0 1 0 1 ...
, 0 1
... 0 1 0 1 0 ...q q q
T T   
 
     
 
,  (4) 
where T  is the projection used on the electron wavefunction. It is important to note that our 
projection captures all the energy components, thus making it robust to noise in gate operations 
or measurements. 
We next turn to prove the second, and most important, challenge in implementing the 
qubit: Proving that we get a universal set of 1-qubit gates from the PINEM and FSP operations 
in equations (1-2), with the projection that defines the qubit in equations (3-4). It can be shown 
that the 
q
  2-level system is closed under any PINEM operator. For this system to be closed 
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under FSP, we need to set specific propagation distances. The quadratic dependence of the 
phase on l  makes only certain propagation distances relevant, and we found a choice of a 
distance / 4Dz z  that results in the following matrix form: 
...
1
1
1
...
FSP
i
U
i
 
 
 
 
 
  
 
 
 
 
 
.    (4) 
This diagonal matrix adds the phases 
1
l
l even
i l odd


 

, which forms a 
2

-phase gate, meaning 
a 4th root of the unity matrix. Such an operation is exactly the missing ingredient we need for 
a universal set of 1-qubit gates. It is sufficient to use a (single-frequency) PINEM interaction 
as in equation (1), and FSP for distances which are integer multiples of / 4Dz . 
 Figure 2b helps visualize the gate operation using the Bloch sphere representation [3]. 
For the choice of the qubit states as in equations (3-4), PINEM induces a continuous rotation 
around the x -axis, and FSP of distance / 4Dz z  induces a / 2  rotation around the z -axis. 
Mathematically, these operations in the qubit subspace 
q
 take the following forms: 
1 0
0 2
FSP zU R
i


   
     
  
     (5a) 
 
   
   
 
cos sin
2Im
sin cos
PINEM x
i
U R g
i
 
 
 
 
    
 
,   (5b) 
with the rotation angle  2 Im g   , depending on the PINEM field g . Now, using FSP and 
PINEM together, we can implement a rotation around the y -axis using   3FSP PINEM FSPU U U  
with the continuous angle  . Once we have continuous rotations around the two axes ( x  and 
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y ) we can implement any 1-qubit gate on the electron with PINEM and FSP (Fig. 2). This set 
of operations is thus universal for 1-qubit gates. 
 The third and final challenge required for a free-electron qubit is measuring the qubit 
state: Measuring the qubit state requires finding both the amplitudes and the phases of the 
electron state, meaning a full quantum state tomography [3]. The amplitudes of each electron 
energy state in the ladder can be obtained using electron energy loss spectroscopy (EELS) that 
exists in many UTEM systems [13,16,17]. A full construction of the phase of each state in the 
ladder was previously demonstrated in the UTEM [18]. Therefore, it is possible to measure the 
entire qubit state. 
 The aspect of qubit state initialization should be discussed as well. Formally, there is 
no need for any procedure of electron qubit state initialization since we have shown a universal 
1-qubit gates. These gates can be applied on the mono-energetic single energy state 0  (whose 
projection on the qubit state gives 0
q
) to reach any qubit state. The mono-energetic state is 
produced by photo-emission of the electron with a low enough energy spread as shown in 
multiple experiments so far (e.g., [32-34]). Nevertheless, to improve signal to noise ratio when 
calculating the qubit state out of the electron measurement, it could be valuable to initiate the 
qubit state with a more complex laser pulse, e.g., made from multiple harmonics of the laser 
drive [18]. Specifically, in a previous work, we have shown the capability to shape the electron 
energy spectrum [25], which would improve signal to noise if shaped to a form closer to one 
of the states in equation (3). To quantify the advantage of such a preparation scheme, we note 
that the norm of the qubit state is constant during the entire quantum computation. If no special 
initialization is performed on the electron prior to applying the gates, the state of the qubit 
obtained by the projection is of course 0
q
  but with norm max1/ 2 1l  , where maxl  is the 
maximal electron energy ladder state practically used in the measurement and calculation of 
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the qubit state. On average, this number should increase linearly with the number of PINEM 
operations. Importantly, using an initial PINEM interaction with a more complex laser pulse 
[25] one can shape the electron state such that the normalization of the qubit state is arbitrarily 
close to 1. This would increase the robustness of our system to errors in gate operations or 
measurements, as well as to the inherent physical noise the electron experiences in the 
microscope, which will allow applying more gates.  
 The experimental realization of our proposal requires PINEM interactions with 
changing laser field strengths, occurring at fixed distances between FSP. As for the interaction 
strength, typical electric fields in the order of 10 100 MV/m  are sufficient for obtaining 
/ 2g  , which was already shown several times in UTEM experiments (e.g., [13,17-
19,35,36]). As for the FSP lengths, they are on the order of 0.1 1cm , which is also in the 
range of recent demonstrations in a UTEM [18] and even easier in other systems with different 
spatial constrains than the UTEM [26,27].  
Summarizing the requirements, we have several steps for the processing of quantum 
information with our electrons (Fig. 3). First, we begin from the photo-electrons, which are 
quite mono-energetic at a particular energy 0  [29], or we can prepare an initial state as 
previously described, to benefit from an improved signal-to-noise ratio. Then, we apply the 
desired gates sequentially, where the implementation of each gate using PINEM and FSP is 
classically calculated in advance. We can show that any 1-qubit gate can be implemented by 
no more than three interactions and two propagations. For example, a Hadamard gate can be 
implemented as     3/ 2PINEM FPS PINEM FPSU g U U g U    and a NOT gate by 
 / 2PINEMU g   (Fig. 3). Finally, we measure the electron state, both amplitude and phase, 
to get its full wavefunction in the energy basis, and project the electron state according to 
equation (4) to obtain the final state of the qubit. 
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Figure 3. Satisfying the DiVincenzo criteria: Quantum information processing with free 
electrons. Illustration of an experimental scheme. The initial photo-electron is typically a 
single energy state 0 , whose projection on the qubit space is on 0
q
. Next, we either apply 
a set of gates directly on this electron, or perform more advanced energy spectrum shaping 
with a pre-designed laser pulse [25] for a better initial state. The next step is applying qubit 
gates, implemented by PINEM and FSP. In this specific example, we apply a Hadamard gate 
followed by a NOT gate. The final step is the measurement of the final electron wavefunction 
with electron energy loss spectroscopy (EELS) as was previously demonstrated [18], and then 
classically calculating the qubit state. 
 
 Looking forward, having a fully controllable free-electron qubit that can be entirely 
characterized may enable new analytical capabilities in electron microscopes. Future questions 
include finding how the free-electron qubit state changes by different elastic and inelastic 
interactions, e.g., with plasmons, excitons, and phonons. It is interesting to explore what 
information could be extracted by quantum sensing of a transmission electron microscope 
sample using the free-electron qubit states. 
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It is both imperative and intriguing to discuss the possible extensions of our scheme to 
having multiple qubits on the very same single electron. The first extension is to use the same 
algebraic method of dividing the electron state into “qubit” and “remainder” states, but for a 
larger number of qubits, for example, using electron ladder states with a periodicity of 4, instead 
of the periodicity of 2 used in equations (3-4). This definition forms a 4-dimensional Hilbert 
space upon which 2 qubits can be defined (and so on for larger Hilbert spaces). The gates would 
operate in the exact same manner, using PINEM and FSP to implement both the 1-qubit and 
the 2-qubit gates. This possibility stems from the fact that both PINEM and FSP are much 
richer algebraically than their action on just a single qubit (e.g., we will be able to use FSP on 
integer multiples of distances of / 8Dz z , twice as short as before). Alternatively, the 
extension can be made for other types of quantum units of information, such as qutrits or qudits 
in general. This method can be understood as “Hilbert space engineering” – taking an 
immensely large electron energy space and finding a smaller synthetic dimension in it, tailor-
made for a certain task. The main challenge in this method that remains for future work is 
proving that the available set of quantum operators is universal, similarly to the procedure we 
have shown for the case of 1-qubit gates.  
 Another extension to multiple qubits on the same electron is having non-overlapping 
energy ladders on the same single electron, each representing a different qubit. Each ladder 
would have the same unit-spacing in energy (i.e.  ), and the shift between ladders would be 
of a fraction of that spacing (i.e. / n  for some integer n ). Using PINEM with a laser at a 
fractional frequency (and of course FSP at the corresponding distance), one can apply both 1-
qubit and multiple-qubit gates at will. Here too, the available operations have to be proven to 
be universal, which we leave for future work. In addition, this method is currently 
experimentally limited by the electron energy spread and the spectrometer resolution.  
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Although speculative at this point, it is worth discussing what could eventually go 
beyond a certain number of qubits fitted on a single electron: We envision mechanisms of 
electron-electron interactions to create connectivity between different qubit groups on different 
electrons. Such mechanisms could involve strong coupling to a photonic cavity that can help 
communicate between electrons [36], and help entangle them [20,21] to enable a larger 
computational space. 
To conclude, we propose the idea of manipulating quantum information on a free 
electron by “algebraically engineering” the electron’s Hilbert space into a qubit. We also 
present an implementation using the electron-laser interactions in the UTEM infrastructure. 
We prove that our method defines a valid qubit with a universal set of gates, and discuss 
extensions to have multiple qubits on the very same single electron. The conceptual ideas we 
develop take a step in exploring electron microscopes as platforms of quantum information 
processing. Establishing a framework for manipulating multiple qubits on a single free electron 
suggests the possibility of having quantum computation on qubits that are not all physically 
separated, but part of them only “algebraically” separated. 
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